manner. The idea that mRNA might also be pseudouridylated was originally suggested by the finding that some snoRNAs lack complementarity to ncRNA targets but are complementary to mRNAs 13, 14 . Additionally, there are 23 predicted human pseudouridine synthase genes of unclear function 15 , thus raising the tantalizing possibility that their endogenous substrates might be mRNAs 11 . Perhaps most intriguing is the possibility that pseudouridylation can be regulated. Two U residues in the U2 snRNA are individually pseudouridylated by various stress stimuli such as heat shock and nutrient deprivation in yeast 16 , and rRNA pseudouridylation in cells 11 . Pseudouridine is formed by a remarkable mechanism involving U-base detachment, flipping and reattachment to the ribose 12 (Fig. 1a) . This isomerization is catalyzed by either the dyskerin pseudouridine synthase (Cbf5 in yeast) or by a family of pseudouridine synthase (Pus) enzymes 11 . In the case of Cbf5 (dyskerin), pseudouridylation occurs in concert with one of many different small nucleolar RNAs (snoRNAs), which guide the Cbf5 complex to target RNAs and direct pseudouridylation of a central U residue (Fig. 1b) . Pus family enzymes, in contrast, modify U residues in specific target sequences, in a snoRNA-independent When we think of mRNA regulation, we usually think of mRNA-binding proteins or microRNAs that get recruited to mRNA in response to cellular signaling events. Emerging evidence suggests that mRNAs can also be regulated by base modifications that are analogous to amino acid modifications in proteins. Three mRNA base modifications have previously been identified, and a fourth type of modified base has now been found in human and yeast mRNA [1] [2] [3] .
One of the most well-characterized mRNA base-modification pathways is RNA editing, which involves the conversion of A residues to inosines 4 . A residues can also be methylated to N 6 -methyladenosine (m6A) 5, 6 . The presence of m6A was demonstrated with the development of transcriptome-wide m6A-mapping technologies, which showed that m6A residues are present in at least 8,000 transcripts, often near stop codons or within 5′ untranslated regions (UTRs) 7, 8 . These analyses, along with the recent mapping of 5-methylcytosine sites in mammalian mRNA 9, 10 , point to the existence of a diverse landscape of 'epitranscriptomic' modifications that can influence mRNA fate and function.
The prevalence of mRNA base modifications raises the question of whether there are other base modifications with signaling functions. Pseudouridine is a particularly compelling candidate because it is found in tRNA, rRNA, small nuclear RNAs (snRNAs) and other noncoding RNAs (ncRNAs), making it the most abundant modified base An expanding universe of mRNA modifications
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The fate of an mRNA is regulated by internal base modifications that generate the modified nucleotides N 6 -methyladenosine, 5-methylcytosine and inosine. Three new studies show that yeast and human mRNAs also contain pseudouridine residues and that pseudouridylation is induced in various stress states, hinting at a new pathway for post-transcriptional control of mRNA. n e w s a n d v i e w s npg which are pseudouridylated by Pus1 and Pus4, respectively. They found no change in either the encoded protein sequence or the abundance of mRNA or protein in the Pus-deletion strains 3 . However, Schwartz et al. 1 observed that mRNAs containing heat shock-induced Pus7-dependent pseudouridine sites were 25% more highly expressed in wild-type yeast as compared to Pus7-deficient cells. This raises the possibility that pseudouridine can stabilize mRNA. Deleting pseudouridine synthases can cause pleiotropic effects due to the loss of pseudouridylation of rRNA, tRNA and other ncRNAs. Thus, the most straightforward approach to determine the role of pseudo uridine in mRNA will be to mutate pseudo uridine sites. However, many pseudouridylated mRNAs probably have pseudouridines at a very low stoichiometry, and mutagenesis might not reveal a role for this modification. Thus, identification of the transcripts with the highest pseudouridine stoichiometry and mutagenesis of those U residues will probably be required to reveal the functions of pseudouridine.
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The author declares no competing financial interests. appear to influence stress-mediated increases in pseudouridine 1 . Instead, Cbf5 appears to mediate the smaller number of baseline pseudouridines seen in nonstress conditions. Importantly, not all Cbf5-dependent sites could be linked to a canonical snoRNA 1 , thus suggesting that other snoRNAs might contribute to mRNA pseudouridylation.
An exciting aspect of these studies is their potential disease relevance. X-linked dyskeratosis congenita, mitochondrial myopathy and sideroblastic anemia are each associated with mutations in pseudouridine synthases 19, 20 , and snoRNA42 was recently shown to act as an oncogene in lung cancer 21 . Profiling pseudouridine might reveal a role for misregulated mRNA pseudouridylation in these diseases.
A central question is whether pseudouridine in mRNA is biologically meaningful. The apparent lack of a dedicated mRNA pseudouridylase raises the possibility that these pseudouridines reflect nonspecific pseudouridylation. For example, a stressinduced upregulation in pseudouridylase activity directed toward rRNA, snRNA and other ncRNAs might modify mRNAs that coincidentally have the same short pseudouridylation-directing motifs. To address this possibility, Lovejoy et al. 3 analyzed the sequences surrounding the pseudouridine in RPL11A and TEF1 loci across diverse fungi and found conservation that matched the nearly complete conservation level surrounding the pseudouridine site in the U2 snRNA. A transcriptomewide analysis of the sequence conservation surrounding pseudouridine sites in mRNA could provide further support for functional relevance.
Ultimately, a biological role will be revealed by identifying a function for pseudouridine. Because pseudouridine base-pairs with A, and pseudouridine-containing transcripts are translated into functional proteins in living cells 22 , pseudouridylation does not appear to change the encoded protein sequence. Earlier studies using artificial pseudouridylation showed that pseudouridine at stop codons leads to readthrough 23 . However, pseudouridylation of a stop codon was observed in only one endogenous transcript 1 , thus indicating that promoting readthrough is not its main role. Alternatively, pseudouridine could recruit a yet-unknown pseudouridinebinding protein or influence RNA structure, owing to its altered base-pairing properties 11 .
To explore a role for pseudouridine, Lovejoy et al. 3 examined RPL11A and TEF1, at two sites is regulated by mTOR in mammalian cells 17 .
Three groups now report the first transcriptome-wide maps of pseudouridine, revealing the pseudouridine landscape in yeast and human transcriptomes [1] [2] [3] . Each group used a primer extension-based assay that uses CMC, a chemical that modifies the nitrogen atoms of multiple bases. Whereas most CMC adducts are readily reversed with alkali, CMC-pseudouridine adducts are stable and abort cDNA synthesis by reverse transcriptases 18 . The position of pseudouridine in various RNAs can thus be determined by mapping the termination sites of their cDNAs 18 .
The three groups used this technique to map pseudouridine in a transcriptomewide manner. This approach, called Psi-seq, Pseudo-seq or Ψ-seq, identified ~50-100 pseudouridine sites in approximately as many mRNAs in yeast grown under nonstress conditions and ~100-400 pseudouridine sites in human cell lines. Pseudouridine was also detected in ncRNAs. The different numbers of pseudouridine sites reported in the different studies relates to the read depth and the different stringency criteria used to call a pseudouridine site. Notably, pseudouridines are not concentrated in specific regions of transcripts but appear to be evenly distributed along 5′ UTRs, coding sequences and 3′ UTRs 2, 3 .
One of the most interesting findings is that the levels of pseudouridine in mRNA vary in response to stress states in yeast. Both Lovejoy et al. 3 and Schwartz et al. 1 found marked increases in the number of pseudouridine sites under heat shock conditions. Schwartz et al. 1 found 265 new pseudouridine sites, most of which were formed in a Pus7-dependent manner, similar to the Pus7-dependent pseudouridylation of U2 upon heat shock 1, 16 . Carlile et al. 2 found that nutrient stress caused the number of pseudouridine sites to nearly double. The majority of the sites were dependent on Pus1 and Pus7, although other Pus family members also contributed to the pattern of pseudouridylation in these cells 2 . The overall number of pseudouridine sites in mRNA is considerably less than the number of sites of other modifications such as m6A, but the targeted pseudouridylation of a cohort of transcripts could allow their co-regulation during cellular stress responses.
In addition to the action of Pus enzymes, Cbf5-mediated pseudouridylation contributed to the pseudouridine profile, but it did not n e w s a n d v i e w s npg
